A lotus leaf retains water repellency after repeated condensation in nature but becomes sticky to water drops after condensation on a fixed cold plate. Our experiments show that mechanical vibration can be used to overcome the energy barrier for transition from the sticky Wenzel state to the nonsticking Cassie state, and the threshold for the dewetting transition follows a scaling law comparing the kinetic energy imparted to the drop with the work of adhesion. The vibration-induced Wenzel to Cassie transition can be used to achieve antidew superhydrophobicity.
Antidew superhydrophobicity is a highly desired property for water-repellent materials [1] . When vapor condenses on a roughened surface, the liquid condensate naturally nucleates within the texture [2, 3] , resulting in the Wenzel state [4] where liquid penetrates into the texture. The Wenzel state is opposite to the Cassie state [5] where liquid suspends on top of the texture, the latter being the desired superhydrophobic state with a higher apparent contact angle and a much smaller contact angle hysteresis [1] . The condensate can also end up in a mixed WenzelCassie state which typically has an undesirably large hysteresis similar to the Wenzel state [6, 7] . To achieve antidew superhydrophobicity, a mechanism is required for transition from the Wenzel (or mixed) state to a complete Cassie state [1] . The challenge in achieving a Wenzel to Cassie transition lies in the energy barrier associated with the transition [8, 9] . Reports of Wenzel to Cassie transition fall into two categories: coalescence of condensate drops in the process of condensation [7] and vaporization at the liquid-solid interface induced by an intense electric pulse [10] . The transition during condensation results from a small Wenzel drop being absorbed by a larger mixed Wenzel-Cassie drop; however, the merged drop still resides in the mixed state with a large hysteresis [7] . The transition by impulse heating leads to a complete Cassie drop [10] ; however, the vaporization method is not suitable for many practical applications such as self-cleaning surfaces [11] , antibiofoul materials [12] , and dropwise condensers [13] .
Water-repellent plants naturally exhibit antidew superhydrophobicity. A lotus leaf is known to be superhydrophobic owing to its two-tier surface roughness with nanoscale hairs on microscale bumps [14] , which gives rise to rolling drops in the stable Cassie state. However, while the lotus leaf is superhydrophobic after repeated condensation processes in nature, it becomes sticky to condensate drops after condensation on a fixed cold plate in the laboratory [3] . We hypothesize that lotus leaves use mechanical energy constantly supplied by the natural environment (e.g., wind-induced vibration) to overcome the energy barrier for Wenzel to Cassie transition, a barrier related to the separation of the liquid-solid interface in the Wenzel state into liquid-air and air-solid interfaces in the Cassie state. This hypothesis is supported by the experiments reported here in which a sticky lotus leaf on a fixed cold plate becomes nonsticking on a vibrating plate. Although vibration has been used to overcome the energy barrier associated with contact angle hysteresis [15, 16] , the energy barrier for Wenzel to Cassie transition is fundamentally different and exists even if there is no contact angle hysteresis [8, 9] .
The experimental setup is shown in Fig. 1(a) . Live lotus leaves, fresh from the stem to within 1 day, were used as the substrate. Egyptian and Chinese lotus leaves were used interchangeably without noticeable differences in the results. When a millimetric water drop was deposited on the lotus leaf, the drop consistently rolled off indicating a stable Cassie state. Two methods detailed below were used to introduce a Wenzel drop: one exploited the differential evaporation rate of ethanol and water, and the other used water condensate directly. No appreciable differences were observed between these methods, although the former offers more precise control of individual drops and the latter better approximates natural condensation processes. The Wenzel drop rested on a lotus leaf, which was fixed to a horizontal flat plate attached to a speaker cone (KLH Audio B-Pro6). The sticky Wenzel state was verified by temporarily tilting the leaf 90
. The speaker was vertically driven by a sinusoidal current, and the displacement was measured by a position sensing detector (Newport OBP-A-4L). The laboratory temperature was 21 C and the relative humidity 51%, corresponding to a dew point of 10:5 C. When used for condensation experiments, the cold plate was chilled to 5:0 C by a circulating cold bath. Video images were captured by a Phantom v7.1 camera attached to an Infinity K2 microscope.
A Wenzel to Cassie transition was captured in Fig. 2(a) . A water drop in the Wenzel state was introduced by exploiting the differential evaporation rate of water and ethanol [17] . When a 2:25 L drop of 2:1 (vol) water:ethanol mixture evaporated on a lotus leaf, the volume shrank to 1:5 L in 5 min at which point more than 90% of the drop volume was water (see supplemental Sec. S1 in [18] ). At the 6th min, the lotus leaf was vibrated by the speaker, and a complete dewetting transition was observed at a frequency of 80 Hz and a peak-to-peak amplitude of 0.6 mm. During the 28 ms period of transition, the contact line gradually withdrew from the surface. Once dewetted, the drop would land in a stable Cassie state with the bouncing and rolling motion characteristic of a superhydrophobic drop. This transition was consistent with the fact that more than 90% of the drop is water at the time of vibration, and the Cassie state is the energetically favorable state for a water drop on the lotus leaf. A control case is shown in Fig. 2(b) , where the initial 2:25 L drop with 67% water was vibrated at 80 Hz and an amplitude up to 1.5 mm, but no transition was observed because the Wenzel state is energetically more favorable at a higher ethanol concentration. Note that if the vibration is too strong, a sticky residue will be left behind, even for pure water, resulting in an incomplete transition as in Fig. 2(c) .
The vibration-induced Wenzel to Cassie transition is a plausible mechanism for the lotus leaf's sustained superhydrophobicity after repeated condensations. This hypothesis is supported by the observations in Fig. 3 . When the lotus leaf on a horizontal cold plate was cooled below the dew point, water vapor condensed from the ambient air and accumulated on the leaf. In Fig. 3(a) , the cold plate was fixed, and water condensate accumulated over the entire leaf. In Fig. 3(b) , the cold plate was tilted 90 vertically and returned back to the horizontal position, and some sticky condensate remained on the leaf. In Fig. 3(c) , the horizontal lotus leaf was vibrated at 80 Hz and 1 mm peakto-peak amplitude for 1 s, and all of the condensate was removed except for a few very small drops. The drop removal was accomplished in two stages: vibration triggered Wenzel to Cassie transition of the initially sticky drops, and the mobile Cassie drops subsequently rolled off the leaf. Note that the first stage must precede the second one, as vibration alone is not sufficient to completely remove a Wenzel drop [Figs. 2(b) and 2(c)].
The mechanism for vibration-induced removal of condensate drops is further clarified by video imaging of the Wenzel to Cassie dewetting process shown in Fig. 4 (see also Sec. S2 in [18] ). Sticky water condensate on a lotus leaf was obtained in the same manner as in Fig. 3(b) . Upon initiation of vibration, the dewetting process started instantaneously for the two large condensate drops initially in the Wenzel state. Between 17 and 17.25 ms, when the leaf started to move downward while the drops were still moving upward by inertia, the complete dewetting of the left drop took place. The dewetting of the right drop occurred in a similar manner at 31.25 ms, which was the last frame before complete dewetting. After dewetting, both drops bounced on the leaf as a typical Cassie drop does [19] , and the bouncing dynamics were similar to that of a noncoalescing drop on a liquid surface [20, 21] . Note that the dewetting transition only took place for millimetric drops, and smaller condensate drops stayed in the sticky Wenzel state indefinitely unless absorbed by the larger ones.
The critical external forcing required to achieve a Wenzel to Cassie transition exhibits a distinct resonant character as in Fig. 5 . At a given frequency, the threshold amplitude of vibration was experimentally identified by gradually increasing the amplitude until the dewetting transition took place. The threshold amplitude was plotted be- 
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174502-2 tween 15 and 150 Hz for a 1:5 L Wenzel drop introduced in the same manner as Fig. 2(a) . Two resonance modes were indicated by the local minima at 30 AE 2:5 Hz and 100 AE 2:5 Hz, respectively. These modes correspond to the first two resonance modes of a drop with a pinned contact line [22] , and match the theoretical predictions of the first two resonance frequencies at 32 and 101 Hz (see Sec. S3 in [18] for details). The critical curve in Fig. 5 is qualitatively similar to that for the threshold of the opposite Cassie to Wenzel transition on a surface with microtextures [23] .
The threshold condition for Wenzel to Cassie transition can be modeled by comparing the kinetic energy imparted by the vibrating speaker with the surface energy required to dewet the Wenzel drop. At resonance, the drop picks up the kinetic energy at the highest efficiency which is assumed to be approximately constant. The kinetic energy imparted to the drop E K scales as
where and V are the density and volume of the drop, f is the external forcing frequency, A is half of the peak-topeak amplitude of vibration, and 2fA is the maximum speed of the speaker.
The work required to dewet an impaled drop is given by the incremental work of adhesion. The work of adhesion between the liquid and solid phase, w SL ¼ ð1 þ cos Y Þ, is the energy required to separate a flat liquid-solid interface into a liquid-vapor and a solid-vapor interface, where is the surface tension of the liquid and Y is the Young's contact angle of the flat surface [24] . The incremental work of adhesion is motivated by the gradual receding of the contact line during the threshold dewetting process [schematically shown in Figs. 1(c)-1(f) ]. This gradual dewetting process is evident even with the amplitude well above the threshold (e.g., the right drop in Fig. 4) .
The modeling of the two-tier roughness is still an open question and we elect to adopt the following approach. The two-tier roughness can be hypothetically formed in two steps: nanoscale roughness is first deposited on a flat surface, and on this nanotexture a water drop would exhibit an apparent contact angle ( n ); the nanotexture with the equivalent contact angle n is subsequently bent into a surface with microscale roughness [25] . As such, the lotus leaf can be modeled as a surface with only microtexture (as in Fig. 1 ) as long as n is taken as the local contact angle. Based on this model, the energy required to overcome the work of adhesion from Fig. 1 (c) to 1(d) scales as
where a is the contact radius, ÁL is the distance between two adjacent microscale pillars of the lotus leaf [ Fig. 1(b) ], and r m is the roughness ratio [1] associated with the microscale roughness only. For a lotus leaf, ÁL % 20 m and r m % 2 based on the micrograph in [14] .
Physically, E S is the work of adhesion associated with the first step of dewetting where the initial contact radius recedes by ÁL, the intermicropillar separation stipulating the minimum shrinkage of contact radius. Because of the gradual dewetting process, the required surface energy E S scales as a, not a 2 . For a Wenzel drop on the lotus leaf, the apparent and equivalent contact angles are related by cos ¼ r m cos n [4] .
Comparing the imparted kinetic energy [Eq. (1)] and the work of adhesion [Eq. (2)],
where the nondimensional function È is given by Èð; r m Þ ¼ 2 ð1 À cosÞ 2 ð2 þ cosÞ 3 sinðr m þ cosÞ :
With r m estimated to be 2 and measured as 140 for Wenzel drops reported here, È ¼ 16. At threshold for dewetting, E K % E S . According to Eq. (3), for a drop of fixed density and surface tension on an approximately homogeneous lotus leaf (i.e., with uniform r m and ÁL), where f res is the resonance frequency, A cr is the threshold amplitude, and R is the initial radius of the drop. The scaling law given by Eq. (5) is supported by the experimental data in Fig. 6 . On a horizontal lotus leaf after condensation and tilting [as in Fig. 3(b) ], water drops between 0:24 and 15:2 L were deposited onto the sticky condensate remaining on the leaf, and vibration was used to induce marginal transition from the sticky Wenzel state to the rolling Cassie state. For a drop of given initial volume, the speaker was driven at the calculated 1st and 2nd resonance frequencies [18] , and the threshold amplitude for Wenzel to Cassie transition was measured for each case. At both resonance modes, the maximum speed of the speaker (2f res A cr ) was proportional to V À0:348AE0:016 . Since R / V 1=3 , Eq. (5) holds within experimental uncertainty. Note that E K =E S ' 2 [Eq. (3)] for all marginal transitions in Fig. 6 and both resonance modes in Fig. 5 . This close-to-unity ratio is further evidence that the transition is triggered by the imparted kinetic energy overcoming the incremental work of adhesion.
In conclusion, mechanical vibration was used to induce Wenzel to Cassie transition on lotus leaves. The experimental results and scaling laws show that kinetic energy was converted to surface energy to overcome the work of adhesion of the Wenzel drop. It is plausible that water-repellent leaves constantly exploit vibration to restore superhydrophobicity after natural condensations. Although the vibration of a lotus leaf on a stem is at much lower frequency and higher amplitude compared to that on a speaker, the vibration velocities of both cases are comparable (order of 0:1 m=s). In addition to waterrepellant plants, our work is also applicable to engineering systems requiring antidew superhydrophobicity. For instance, vibration can be used to promote rapid removal of condensate trapped in the Wenzel state and enhance the effectiveness of superhydrophobic dropwise condensation (see a proof-of-concept in [13] ). Inspired by lotus leaves, naturally existing vibrations can be harvested to achieve sustained antidew superhydrophobicity.
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